Magnetic properties of single-crystalline CeCuGa 3 
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The magnetic behavior of single-crystalline CeCuGa3 has been investigated. The compound forms 
in a tetragonal BaAU-type structure consisting of rare-earth planes separated by Cu-Ga layers. If 
the Cu-Ga site disorder is reduced, CeCuGa3 adopts the related, likewise tetragonal BaNiSn3- 
type structure, in which the Ce 3+ are surrounded by different Cu and Ga layers and the inversion 
symmetry is lost. In the literature conflicting reports about the magnetic order of CeCuGa3 have 
been published. Single crystals with the centrosymmetric structure variant exhibit ferromagnetic 
order below «4K with a strong planar anisotropy. The magnetic behavior above the transition 
temperature can be well understood by the crystal-field splitting of the 4/ Hund's rule ground-state 



multiplet 



<F 5/2 of Ce+ 3 . 



PACS numbers: 75.50.Cc,75.30.Gw,75.30.Mb 
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I. INTRODUCTION 

Rare-earth intermetallic compounds containing Ce 
have attracted considerable attention due to their diverse 
properties including valence fluctuations, heavy-fermion 
behavior, and different types of magnetic ordering. The 
variety of different ground states arises due to the in- 
teraction of 4/ electrons with the crystal-electric field, 
and the competition between intersitc Rudcrman-Kittel- 
Kasuya-Yosida (RKKY) and onsite Kondo interaction. 
The Ce-based CeM x X4_ x compounds with tetragonal 
BaA^-type structure are model cases for this behavior as 
here, by changing the chemical composition or applying 
pressure, magnetic as well as nonmagnetic ground states 
can be obtained.— ~— Their unit cell consists of a body- 
centered arrangement of Ce atoms in which the M and 
X ions occupy the remaining sites more or less randomly 
(see Fig.[l|. In the stoichiometric compounds with x = 1, 
this atomic disorder can be removed by formation of a 
BaNiSn3-type structure. This structure is a derivative 
of the BaAl4 structure but has no inversion center due 
to the sequence of ordered Ce-X(l)-X(2)-M layers (see 
Fig.Q}. 

The recently discovered unconventional superconduc- 
tivity in the non-centrosymmetric CeAfSi3 and CeA/Ge3 
(M = Co, Rh, Ir) has intensified the efforts to investi- 
gate the ground state of the related CeMA 3 compounds 
with M = Cu, Ni, Au, Pd, Pt and X = Ga, AU 
CcAuGa3, CeNiGa3 and CePdGa3 order antiferromag- 
netically at 2.4 K, IK, and 5.5 K, respectively^— while 
CcPtGa3 shows a spin-glass type behavior^ All these 
compounds, in addition to their magnetic ordering, ex- 
hibit moderate heavy-fermion behavior. However, for 
several of them conflicting reports about their magnetic 
behavior have appeared in the literature, in particular 
for samples with composition deviating from the stoi- 
chiometric x — 1 composition. 



A model case for this aspect is the CcCuGa3 alloy. 
The first report on CeCu a; Ga4_i r compounds suggested 
ferromagnetic ordering of CeCuGa3 at 3.5 Studies 
on samples with varying Cu content, away from the 
stoichiometric composition, later indicated that this or- 
der is stabilized by decreasing x*&~— Mentink et al^ 
and Sampathkumaran et al.^ on the other hand, sug- 
gested that CeCuGa3 is paramagnetic down to 0.4 K. 
A detailed investigation of polycrystallinc CcCuGa3 re- 
veals Kondo-lattice behavior with magnetic ordering at 
1.9 K suggested to be antiferromagncticJ^ This was later 
supported by suceptibility measurements by Aoyama et 
aZ i 15 i 16 reporting a higher transition temperature of 4K. 
From neutron-diffraction experiments on a single crystal 
(grown using the Czochralski method)^ an incommen- 
surate magnetic structure at 1.25 K was inferred with a 
propagation vector Q = (0.176,0.176,0). The magnetic 
scattering intensity extended up to 4K. In addition, a 
broad, somewhat ill-defined specific-heat anomaly was 
observed between 1.5 K and 4K whereas in polycrystals 
with a reduced Cu content of x = 0.5 a mean-ficld-likc 
specific-heat anomaly was founds 

In view of these conflicting reports on the type of mag- 
netic ordering and in order to study the magnetic prop- 
erties more precisely, we have grown single crystals of 
CcCuGa3 from Ga flux and investigated the anisotropic 
magnetic properties with measurements of the AC and 
DC magnetization, specific heat, and electrical resistiv- 
ity. 



II. EXPERIMENTAL DETAILS 

Single crystals of CeCuGa 3 and LaCuGa 3 were grown 
by flux method using Ga as flux. The starting materi- 
als were high-purity La and Ce (99.95%), Cu (99.99%) 
and Ga (99.999%). Stoichiometric amounts of the con- 



stituents with excess of Ga (1:25) were put into an alu- 
mina crucible and sealed in an evacuated quartz am- 
poule. The ampoule was heated to 1050 °C over a pe- 
riod of 24 hours and held at that temperature for another 
24 hours for proper homogenization. The furnace was 
then cooled down to 400 °C at a rate of 1 °C/h followed by 
fast cooling to room temperature. The crystals were sep- 
arated from the flux by centrifuging. Energy-dispersive 
X-ray analysis (ED AX) was performed on all crystals to 
identify their phase purity. The EDAX results showed 
3 % to 6 % excess of Ga, which is attributed to the Ga flux 
used. X-ray powder diffraction patterns of all the com- 
pounds were recorded by powdering a small piece of sin- 
gle crystal (X-ray powder diffractometer STOE STADI 
P, Cu radiation). The single-crystal X-ray diffraction 
data sets were collected on an imaging-plate diffractome- 
ter system (STOE IPDS II MoK a radiation). The pro- 
grams FULLPROF (Ref. [H) and SHELXL (Shedrick, 
1997) were used for a Rietveld analysis and structure re- 
finement, respectively. The magnetic measurements were 
performed using a superconducting quantum interference 
device magnetometer from Quantum Design. The spe- 
cific heat and resistivity were measured with a Physical 
Property Measurement System (PPMS) from Quantum 
Design. 



III. EXPERIMENTAL RESULTS 
A. Crystal structure 

i?CuGa3 compounds form in tetragonal derivatives 
of the BaAU-type structure (space group I/4mmm)~2- 
Depending on the degree of Cu-Ga order, these are 
mainly the BaAU, disordered ThCr2Si2 (I/4mmm), or 
non-centrosymmetric BaNiSn3 structure (I/Amm) (see 
Fig.[T]). Powder diffraction is not able to distinguish be- 
tween these structure types but provides the tetragonal 
lattice parameters which are for our LaCuGa3 samples 
a = 4.32 A and c = 10.436 A and for CeCuGa 3 a = 
4.273 A and c = 10.44 A. Together with the EDAX re- 
sults, the lattice parameters demonstrate that the grown 
CeCu x Ga4_ :E single crystals are, indeed, very close to 
the stoichiometric compound with x = 1^^ The lat- 
tice parameter a decreases and c increases as we move 
from La to Cc. Overall, the unit-cell volume shrinks 
as expected from the lanthanidc contraction. The c/a 
ratio is w2.4 for both compounds indicating significant 
structural anisotropy. This is also reflected by the dis- 
tance between nearest-neighbor Ce atoms which within 
the plane with 4.276 A are much shorter than the distance 
of 6.03Abetween Cu atoms of adjacent planes. 

Single crystal x-ray diffraction has been used to re- 
solve the structure type. In particular, we looked for 
a breakdown of the inversion symmetry by using the 
Flack parameter^ As this parameter is not significantly 
enhanced we conclude that our single crystals adopt a 
BaALi (or disordered ThCr2Si2) structure. In addition, 
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FIG. 1. (Color online) Two possible tetragonal crystal struc- 
tures of 7?Cu 2 ,Ga4_ a; . If Cu and Ga occupy the 4d and 4e 
sites randomly the BaAU structure is adopted. For the sto- 
ichiometric compound x — 1 the Cu and Ga ions can order 
resulting in the related non-centrosymmetric BaNiSii3-type 
structure. 



small satellite Bragg peaks (with an intensity of 10~ 3 of 
the main peaks) have been observed that point to a slight 
modulation of the structure. A similar observation was 
made by Martin et alr^ and attributed to a tendency 
towards an ordering of the Cu-Ga ions or a nearby struc- 
tural transition. 



B. Ferromagnetic ordering below 4 K 

Figure [2] shows the low-temperature DC and AC sus- 
ceptibilities, xdc = M/H measured in a magnetic field 
H = 20 Oe and xac, and the specific heat C of CeCuGa 3 . 
The data consistently indicate that CeCuGa3 orders fer- 
romagnctically at Tq « 4.2 K with the ab plane as the 
easy plane of magnetization, cf. Fig.J^a). The zero- 
field-cooled (ZFC) and field-cooled (FC) measurements 
of xdc for H || [100], displayed in Fig.^a), demonstrate 
that with decreasing T, xdc reveals a Curie- Weiss-like 
increase followed by a kink at Tc- At T < Tc, the 
FC Xdc continues to rise down to the lowest measured 
temperature of 1.8 K. The splitting of the ZFC and FC 
curves below Tc is in agreement with the expected behav- 
ior for a ferromagnet with domain-wall pinning which is 
enforced by the high magnetocrystalline anisotropy, i.e., 
Xdc ] /x [ dc « 8 at T = 2K, cf. Fig.^a). An unusual 
feature of the xdc measurements is the appearance of 
a shoulder at temperatures above the bifurcation of the 
ZFC and FC curves for both field directions. This feature 
was observed for several samples prepared independently. 

To further investigate this anomaly, the AC suscepti- 
bility was measured at two frequencies of 5 Hz and 938 Hz 
with H || [100] [see Fig.^b)]. In the real part of the AC 
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FIG. 2. (Color online) (a) Magnetic susceptibility of 
CeCuGa3 under zero-field-cooled (ZFC) and field-cooled (FC) 
conditions for H || [100] and under FC condition for H || [001] 
as a function of temperature, (b) AC susceptibility with 
H || [100] and at frequencies of 5 Hz and 938 Hz. (c) Low- 
temperature specific heat of CeCuGa3 showing the anomaly 
at the magnetic phase transition. 
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FIG. 3. (Color online) The susceptibility X = M/H of 
CeCuGa3 for H | [100] as a function of T in low magnetic 
fields. The curves are shifted with respect to another for a 
better readability. 



1.0 


CeCuGa 3 
2K 




0.5 

















0.5 




-O- H // [100] 
H//[001] 


1.0 








i 



-1.0 -0.5 0.5 1.0 



Field (kOe) 

FIG. 4. (Color online) Magnetic hysteresis loop M(H) of 
CeCuGaa measured at 2K for H || [100]. The low-field (M) 
for H || [001] is also shown. 



susceptibility x'ac- ^ w0 clear peaks are visible at ss 3.5 K 
and « 4 K. The imaginary part x'ac exhibits a peak and 
shoulder at the corresponding temperatures, indicating 
enhanced energy losses typical for thermodynamic phase 
or glass transitions. At the higher frequency of 938 Hz, 
the high-temperature peak in x'ac remains unaltered but 
the intensity of the low-temperature peak is reduced and 
its position seems to be shifted towards higher tempera- 
tures compared to the 5-Hz data. This frequency depen- 
dence might suggest the onset of spin-glass behavior out 
of the ordered state towards lower temperatures. How- 
ever, as the peaks in x'ac d° n °t snow such a dependence 
the shift in x'ac IS mos t probably an artifact caused by 
the rising edge of the larger high-temperature peak in 

x'ac- 

The specific heat of CeCuGa3 is shown in Fig.[Hc) 
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FIG. 5. (Color online) Magnetic isotherms of CeCuGa3 at 
2K with field applied along the [100] and [001] directions. 
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FIG. 6. (Color online) The inverse DC susceptibility of 
CeCuGa3 after subtraction of the temperature-independent 
electronic contribution, (\ — Xo) _1 i as a function of T for 
H || [100] and [001]. The black lines are fits to the crystal- 
electric-field (CEF) model described in text. 



for comparison with the magnetic measurements. C(T) 
shows a well-defined, rather sharp anomaly at the on- 
set of the high-temperature shoulder in X (T), which we 
therefore have taken as Tc . The size of the anomaly con- 
firms bulk magnetic ordering. The specific heat does not 
show any feature corresponding to the low-temperature 
peak of xac(T) and the ZFC X (T) for H | [100]. 

A systematic investigation of the field dependence 
of the X (T) = M(T)/H at the double-stcp transition 
(Fig. [3]) shows that the low-temperature shoulder shifts 
with field and eventually disappears at H w 100 Oe. A 
hysteresis loop M(H) measured at 2 K for H || [100] 
do not show any signs of the anomaly (Fig.0]). Magnetic 
isotherms of CeCuGa3 also measured at 2 K with field ap- 
plied along the [100] and [001] directions are displayed in 
Fig. [5] and reflect the strong magnetic anisotropy. From 



the high-field data at H = 50kOc along the easy di- 
rection, we estimate a saturation moment of M s ~ 
1.4/iB/Ce. The magnetization with field along the hard 
axis, H || [001], undergoes a small jump at low fields and 
then increases slowly with H . 



C. Crystal-electric-field effects 

The inverse magnetic susceptibility x~dc °f CeCuGa3 
in the paramagnetic state is shown in Fig. [7] A fit 
of a modified Curie- Weiss law for T > 70 K to the 
data for H || [100] and [001] (not shown) yields effec- 
tive moment /x e //, Curie temperature 6p, and temper- 
ature independent susceptibilities xo °f 2.5/^e/Ce and 
2.51/XB/Ce, 19 K and -93 K and -10~ 4 emu/mol and - 
7x 10 -5 emu/mol, respectively. The effective moments 
are close to the theoretically expected value for free 
Ce 3+ ions (2.54/XB/Ce). The polycrystalline average of 
Q P ?s —18.3 K seems at first sight to be inconsistent with 
a ferromagnetic ground state. It has, however, taken into 
account that at lower temperatures the crystal electric 
field (CEF) acting on the Ce ions lifts the degeneracy of 
the Hund's rule 4/ ground-state multiplet 2 F 5 / 2 i leading 
to distinct deviations from the Curie- Weiss behavior be- 
low 70 K. A CEF calculation was done to obtain fits to 
the X~dc data for the whole temperature range 4 - 330 K. 
The site symmetry of the Ce atoms in the CeCuGa3 unit 
cell is supposed to be tetragonal (point symmetry Ci v ). 
The corresponding CEF Hamiltonian is given by 



Hcef = b° 2 o° 2 + Biol + B\0\ (1) 



where B™ and O™ are the CEF parameters and the 
Stevens operators, respectively ! 2 ^ 22 The CEF suscepti- 
bility is given by 



Xcef* = N{g jm f^ ( | <m | J l \ n) | 2 )—L^L e -P^ + £ | („ | J. | n ) | 2 fr-P*. ] , 



where gj is the Landc g - factor, E n and | n) are the 
nth eigenvalue and eigenfunction, respectively. J{ (i = x, 
y and z) are The components of the angular momen- 
tum, and A m> „ = E n - E m , Z = J2 n e ~' 3E " and 
(3 = l/k^T. The magnetic susceptibility including the 
molecular field constant A,; is given by 

Xi" 1 = XcEFi - X i- ( 3 ) 

The CEF fits to the inverse susceptibility data ( X — Xo) -1 
vs. T arc shown in Fig.[B] The resulting CEF parame- 
ters arc Bl = 11.0 K, B% = 0.127 K and B% = -3.0 K 
with molecular field constant A^ 100 ! = 1.46mol/emu and 



^[ooi] _ — i.9 m ol/emu, respectively, for H \\ [100] and 
[001]. The positive value of the dominating CEF param- 
eter Bl is consistent with the ab plane as the easy plane 
of magnetization. The CEF-split ground state multiplet 
2 F 5 / 2 of Ce 3+ ions in CeCuGa3 can thus be described by 
three doublets with excitation energies of Ai = 50 K and 
A 2 = 228 K. 

Figure [TJ^a) shows the specific heat of CeCuGa3 and its 
nonmagnetic analog TaCuGa3 plotted as C/T vs. T. The 
electronic contribution to the specific heat is estimated 
by extrapolating the " high-tcmpcrature" T 2 dependence 
of C/T observed between 12 and 25 K to T = results 
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FIG. 7. (Color online) (a) The specific heat of CeCuGa3 and 
LaCuGa3 plotted as C/T vs. T. The inset shows the C/T as 
a function of T 2 . The linear fit was used to extract the Som- 
merfeld constant, (b) The 4/ contribution to the specific heat 
of CeCuGa3 with a fit to the Schottky anomaly as described 
in text. The inset shows the calculated 4/ contribution to 
entropy. 
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FIG. 8. (Color online) Resistivity of CeCuGa3 p(T) and its 
counterpart LaCuGa3 without 4/ electrons pLa(T) which was 
used to estimate the magnetic contribution p m ag ~ p — pha- 
The inset shows the low temperature resistivity of CeCuGa3 . 



250 K is close to i?ln6. 

Finally the resistivity p(T) of CeCuGa3 is displayed in 
Fig. [5] With decreasing T, p(T) exhibits a monotonic de- 
crease followed by a leveling off around 10 K and a drop 
at the ordering temperature of 4K (see inset of Fig. [8]). 
These two latter features are attributed to a maximum 
of scattering by magnetic fluctuations at Tc- Hence no 
clear indication of a Kondo effect can be inferred from 
the p(T) data. The non-linear decrease of p(T) arises 
from a broad hump in p(T) between 50 K and 100 K 
which can be attributed to scattering from crystal-field 
excitations^ This assignment is supported by a com- 
parison to LaCuGa3 which displays an almost linear T 
dependence of p(T) (not shown). 



into a Sommerfeld coefficient 7 20mJ/mol K 2 (inset 
of Fig.JTJa)). This value is much smaller than that of 
150mJ/mol K 2 reported by Martin et alJ^ for the anti- 
ferromagnetic CeCuGa3. The magnetic contribution C4/ 
to the specific heat (Fig.JTJb) was determined from the 
C(T) measurements by subtracting the phonon contri- 
bution estimated from the C(T) of LaCuGa3 and the 
electronic contribution j(T). The CEF contribution to 
C with the CEF parameters extracted from the suscep- 
tibility measurements is shown in Fig.(7Jb). The good 
agreement with the measured C4 / data confirms our cal- 
culated CEF level scheme and indicates that the broad 
high-temperature peak represents a Schottky anomaly 
due to CEF excitations. 

The calculated magnetic entropy S4/ is shown in the 
inset of Fig.[7][b). The magnetic entropy of the doublet 
ground state i?ln2 is reached slightly above Tc- This 
points to a local-moment ferromagnet with only weak 
Kondo interaction as corroborated by the large ordered 
magnetic moment and the clear plateau of S±f(T) at 
xR\n2 just above T c . The total magnetic entropy at 



IV. DISCUSSION 

Our measurements demonstrate that CeCuGa3 has a 
ferromagnetic ground state if it adopts the centrosym- 
metric BaAl4 structure. Its transition temperature 
matches the range of previously published measurements 
of CeCu a; Ga4_ a ;. According to the published structure 
investigations, all ferromagnetic alloys crystallize in the 
centrosymmctric BaAl4-type structure. The examples 
for antifcrromagnctic or incommensurate magnetic order 
reported so far have a Cu concentration of x rj 1 and 
adopt the non-centrosymmetric BaNiSn3-type structure. 
At higher Cu contents, for 1 < x < 1.5, no long-range 
magnetic order could be observed down to 0.4 K. 

As for x = 1 different structural modifications can 
coexist, depending on the degree of atomic order it is 
conceivable that here multiple magnetic transitions oc- 
cur and, due to the frustration caused by the competing 
interactions, glass-like behavior might appear. In this 
context, the doublc-step transition in our magnetization 
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measurements and the superstructure peaks seen in the 
x-ray diffraction studies can be interpreted as first signs 
towards a partialiy ordered BaNiSn 3 structure which en- 
hances the antiferromagnetic correlations. This addi- 
tional contribution is, however, very small because in the 
specific heat no additional transitions could be identified. 
In contrast, Martin et alr± reported more pronounced su- 
perstructure peaks and an unusual very broad anomaly 
in the specific heat that might perhaps be assigned to two 
different transitions at sa 4 K and « 2 K, respectively. At 
the lower temperature of ~ 2 K, they found the onset to 
the aforementioned, incommensurable, long-range mag- 
netic order. 

The magnetic entropy as well as the Sommerfeld co- 
efficient of CeCuGa3 with BaNiSn3, or BaALi structure 
differ considerably from each other. While our measure- 
ments point to weak Kondo interactions (if present at 
all), Martin et aL— and Aoyama et aL— found a mod- 
erately heavy-fermion behavior with a clear Kondo-likc 
minimum in the resistivity p(T). Since the Kondo effect 
arises from a local interaction between the 4/ electrons, 
and the conduction-band electrons this difference has to 
originate from differences in the immediate environment 
of the Ce 3+ ions. If in CeCu x Ga4_2; the Cu concentra- 
tion is further increased long-range magnetic order van- 
ishes. Sampathkumaran et a/.— observed a concomitant 
enhancement of the Kondo temperature. The border to 
the magnetic order in CeCvL X G&4- x and most of the other 
aforementioned CeM x X4_ x alloys is close toiwl, with 
the prospect to search for quantum phase transitions. 

Our estimated CEF parameters are similar to those 
published by Oc et al*£ for ferromagnetic CeCuo.8Ga3.2- 
The magnetic behavior, in particular the anisotropy and 
the saturation moment, can be well explained by the CEF 
splitting. To our knowledge there exists no detailed in- 
vestigation of the CEF level scheme of CeCuGa 3 with 



BaNiSn3 structure. 



V. CONCLUSION 

The magnetic behavior of single crystalline CeCuGa 3 
has been studied. Depending on the Cu-Ga disorder the 
compound can adopt a tetragonal structure with (BaALi) 
or without inversion symmetry (BaNiSns). The magnetic 
properties of CeCuGa3 and the isostructural CeM x Xi- x 
alloys (M = Ag, Au, Cu, Ni, Pd, Pt and X = Al, Ga) 
sensitively depend on the environment of their Ce 3+ ions. 
If the composition is shifted away from the stoichiometric 
limit x = 1, site disorder cannot be avoided and ferro- 
magnetic ground states appear. In contrast to the non- 
ccntrosymmctric CcCuGa3 without Cu/Ga site disorder, 
in the ferromagnetic compound only weak Kondo inter- 
actions could be observed. The magnetic anisotropy and 
the saturation moment correspond to the crystal-electric- 
field splitting of the Hund's rule 4/ ground-state multi- 
plet. Although CcCuGa3 seems to be close to the onset 
of magnetic order, so far no clear signs for quantum crit- 
ical behavior or unconventional superconductivity could 
be found. Future investigations have to verify whether 
any of these features exist under hydrostatic pressure, as 
in the related, isostructural CeMSi3 and CeMGe3 com- 
pounds (M = Co, Rh, Ir)4 
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